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Heterochromatin: Proteins in Flux
Lead to Stable Repression
Rohinton T. Kamakaka
Heterochromatin is a phenotypically stable entity,
but recent studies on the binding of HP1 protein in
heterochromatin indicate that the individual compo-
nents within these domains are not stably bound but
in constant flux. These results force us to reexamine
previous models of heterochromatin.
Individual chromosomes are thought to occupy specific
regions or territories within the eukaryotic nucleus, and
the nucleus can be conceptualized as a three-dimen-
sional mosaic of euchromatic and heterochromatic
domains [1]. Heterochromatin was originally defined
microscopically as the material that remains condensed
and densely staining throughout the cell cycle, euchro-
matin being the fraction that decondenses in inter-
phase. Potentially active genes reside in euchromatic
regions, while stably inactive genes and satellite DNA
are found in heterochromatic domains. At the biochem-
ical level, genes within euchromatin are highly accessi-
ble to molecular probes, while heterochromatin is
packaged into a uniform nucleosomal array bound by
repressor proteins and possibly folded into a higher-
order structure that renders the region inaccessible to
various molecular probes.
Given these properties, it has long been assumed
that non-histone heterochromatin proteins would be
stably associated within this domain. While this image
of structural stability based on stable interactions
between proteins appears familiar and comfortable for
most biologists, recent studies [2,3] which have
analysed the mobility of heterochromatic proteins in
live cells have revealed that the individual components
within heterochromatin are actually not stably bound,
but rather in constant flux.
Dynamic Chromatin
Nucleosomes have been viewed as the basic building
block of the eukaryotic nucleus: chromosomes are
assembled from arrays of nucleosomes, with the
chromatin fiber being viewed as the template for all
biological processes. Changes in the structure and
packaging of this fiber are thought to play a crucial
role in gene regulation. 
Transcription factors are thought to diffuse to and
from their binding sites in the nucleus, and upon
binding to perturb the chromatin architecture. Mea-
surements of the binding of factors to chromatin using
fluorescence recovery after photobleaching (FRAP)
allows one to study the mobility of proteins in living
cells. FRAP is a technique whereby a fluorescently
tagged protein is bleached in a specific region of the
cell and recovery of the fluorescence in the bleached
area is measured as a function of time. This allows
real-time measurements of protein mobility in living
cells. FRAP measurements of the residence time of
the glucocorticoid receptor in euchromatin revealed
that interactions of these transcription factor
molecules with chromatin are very transient, with a
half-life of residency of seconds [4]. Similar results
have been obtained for transcription factors that act
on genes transcribed by RNA polymerase I [5].
While nucleosomes are indeed structural entities
that help package the DNA in the nucleus, in vitro and
in vivo evidence indicates that chromatin is not a
static entity. The core histone octamer has the ability
to slide in vitro, and the positions of nucleosomes
have been shown to change during gene activation;
remodeling machines such as SWI/SNF have been
shown to enhance this effect [6]. In heterochromatin,
it is possible that nucleosome mobility is restricted
given the observations of uniformly spaced nucleo-
somes [7].
The ‘linker’ histone H1 restricts the mobility of
nucleosomes, and is depleted on active genes [8].
While H1 has been known to exchange in vitro, in vivo
data indicate the protein is far more dynamic than
originally thought [9]. Measurements of the residence
time of H1 on chromatin using FRAP suggest that it
remains bound to chromatin for only about 2 minutes.
Interestingly, the mobility of H1 from both euchromatin
and heterochromatin is not very different. This con-
stant flux is probably translated into constant changes
in higher-order chromatin structure. Indeed, higher-
order structures of the chromatin are not stable, and
changes in the structure depend on the metabolic
state of a locus. At transcriptionally active loci, the
30 nm chromatin fiber has been shown to unravel and
reform in response to transcribing polymerases [10].
The core histone H2B remains bound to chromatin at
least 10 times longer than H1, but under certain
circumstances even the core histones dissociate and
re-associate with chromatin [11,12].
Covalent histone modifications have been thought
to play key roles in gene regulation. Biochemical
studies have led to models of gene regulation in which
specifically modified histones in nucleosomes provide
a favorable platform for binding of specific non-
histone proteins [13]. Acetylation of histone tails has
been correlated with gene activity, and it is assumed
that a dynamic competition between acetylases and
deacetylases leads to specific patterns of acetylation
at different loci. While exchange of core histones in
chromatin is slow, changes in the covalent modifica-
tions of histones are probably rapid. In yeast, the
average nucleosome carries 13 acetylated lysines and
each lysine has a half-life of a few minutes, suggest-
ing that competition between modifying enzymes
might be a general feature of the nucleus [14]. 
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HP1 Binding in Heterochromatin
Given the transient nature of gene activation, and the
observed mobility of transcription factors, it was
thought that the active state of chromatin is likely to
be capable of rapid changes. On the other hand, the
constitutive repression of genes within heterochro-
matin, the persistence of the repressed state through
cell divisions and the biochemical, microscopic and
phenotypic properties of heterochromatin all led to the
notion that heterochromatic proteins interact stably
with nucleosomes, and that heterochromatic
nucleosomes are packaged into static higher-order
chromatin structures.
HP1 is the archetypal non-histone heterochromatic
protein [15]. It is a dosage-dependent effector of
variegation: thus, a mutation in one allele of HP1 leads
to increased expression of a variegating gene, while
three copies of HP1 in a cell result in reduced expres-
sion of a reporter gene. HP1 is found associated with
centromeric heterochromatin as well as other loci, and
contains an amino-terminal chromo domain followed
by a hinge and then a ‘shadow’ chromo domain. The
latter domain has been shown to interact with various
nuclear proteins, while the chromo domain has been
shown to specifically interact with histone H3 methy-
lated on lysine 9 in chromatin [16]. This histone modi-
fication is generated by the methyl transferase
encoded by Suv39 homologs, and this histone modifi-
cation is specific for heterochromatic regions.
Using FRAP, two groups [2,3] have analyzed the
mobility of HP1 in Chinese hamster cells or mouse T-
cells. Initial microscopic analysis indicated that, as
expected for other silenced loci, the positions of the
HP1-containing loci are relatively immobile in the
nucleus. FRAP analysis of the fluorescent fusion
protein HP1–GFP, however, showed that recovery of
fluorescence after photobleaching was rapid.
Complete recovery was reached within 5 to 90
seconds for HP1 in euchromatin, and between 60 and
200 seconds for HP1 in heterochromatin (though in
one instance recovery was only 70% indicating there
is an immobile fraction of the protein). These differ-
ences may reflect physiological variations in the cells
being examined. 
HP1 mobility was found to increase in cells lacking
the histone H3 lysine9 methyltransferase Suv39, or in
cells treated with the histone deacetylase inhibitor
TSA. These results are consistent with models in
which histone H3 is deacetylated at lysine 9 prior to
methylation and HP1 binding [16]. While the turnover
of histone acetylation in cells is quite high, it is
thought that the turnover of histone methylation may
be low [17] and it will be of interest to determine the
half-life of methylation accurately, given that this mod-
ification underpins the residence time of HP1 in hete-
rochromatin.
Previous models of HP1 binding in heterochromatin
suggested that it involves a network of stable
protein–protein interactions which block access of
transcription factors to the silenced genes, except
during the S phase of the cell cycle when the DNA is
replicated. The new FRAP analysis indicates that the
mobility of HP1 does increase when cells are
activated, when the immobile fraction of this hetero-
chromatic protein decreases, suggesting that S
phase may indeed provide an increased opportunity
for the transcriptional machinery to gain access to its
DNA substrate. 
HP1 is known to interact with numerous proteins
[15], and it will be interesting to determine whether the
mobility of HP1 is affected by loss of interactions with
any of these proteins. Additionally, the establishment
of silencing by HP1 homologs in the fission yeast
Schizosaccharomyces pombe utilizes the RNA
interference (RNAi) machinery [18], and it should be
informative to assess whether mutations that com-
promise the RNAi machinery affect HP1 binding to
heterochromatin.
Heterochromatin in Flux
The picture that emerges from these studies is that,
while phenotypically heterochromatin is a stable
entity, the binding of its constituent parts is not. The
new results [2,3] argue against the static models, and
suggest instead that heterochromatic domains are not
inaccessible to factors but in dynamic equilibrium.
Given the dynamic nature of binding of HP1 to chro-
matin, one also needs to think about the mechanisms
by which repressed domains are stably propagated
for numerous generations through mitosis and
meiosis. Levels of repressor proteins appear to be
important for stable inheritance. The requirement for a
silencer — which recruits repressors — for stable
maintenance and inheritance [7] suggests that inheri-
tance requires a high local concentration of repressor
proteins in the vicinity of the genes being repressed.
Interestingly, most silenced genes occupy specific
regions in the nucleus that have elevated levels of
repressors and low levels of activator proteins [1]. The
demonstration that silenced genes can be activated
by merely increasing the concentration of activators
[19] is consistent with this model.  It is also important
to note that, while the mobility of HP1 protein is high
compared to core histones, it is lower relative to the
residence time of transcriptional activators. This
property would undoubtedly favor occupancy of het-
erochromatin by repressor proteins, aiding inheritance
of the repressed state.
Finally, heterochromatin is restricted to a particular
region of the DNA. Multiple models of barrier function
have been proposed, including elements that tether
DNA to the nuclear architecture to form chromatin
loops, each loop being an individual functional unit, as
well as a model which invokes competition between
repressor proteins propagating from the silencer and
activator proteins recruited at the barrier [20]. The
constant flux of heterochromatic repressors in the
three-dimensional context of the nucleus forces us to
reevaluate these models as well.
The fate of a heterochromatic domain is likely
determined by a competition for binding between acti-
vators and repressors, the binding of which is in turn
dependent on sequence-specific elements which
recruit these proteins, the residence time of each factor
at its cognate binding site in chromatin, and the relative
local concentrations of both activator and repressor.
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